Abstract. Increasing evidence has indicated that the abnormal expression of microRNAs contributes to tumorigenesis and tumor development. Understanding the roles of microRNAs in non-small cell lung cancer (NSCLC) might provide valuable information for therapeutic strategies in the therapy for patients with NSCLC. In the present study, significant upregulation of microRNA (miR)-301a was observed in NSCLC tissues and cell lines compared with normal adjacent tissues and a normal human bronchial epithelial cell line. The inhibition of miR-301a suppressed proliferation, migration and invasion of NSCLC cells. Functional analyses indicated that DLC1 was a direct target of miR-301a in NSCLC. Inhibiting miR-301a expression decreased DLC1 expression at mRNA and protein levels. Moreover, DLC1 knockdown partially reversed the inhibition of proliferation, migration and invasion induced by miR-301a knockdown in NSCLC cells. Therefore, these findings may provide novel insights into the molecular mechanisms of miR-301a in proliferation, migration and invasion of NSCLC cells. The findings also indicated that miR-301a may act as a novel potential therapeutic target for patients with NSCLC.
Introduction
Lung cancer is one of the most common types of cancer and is the leading cause of cancer-associated mortality worldwide, with an estimated of >200,000 new cases every year (1) . Non-small cell lung cancer (NSCLC), the most common type of lung cancer, which accounts for 85% of all lung cancer cases, includes four subtypes: Adenocarcinoma, squamous cell carcinoma, adenosquamous cell carcinoma and large cell carcinoma (2) . In China, the incidence of NSCLC is still increasing in urban and rural areas (3) . For NSCLC patients with early-stage or locally advanced lung cancer, surgery is the most effective treatment, followed by chemotherapy and radiotherapy. For stage III/IV NSCLC, platinum-based combined chemotherapy is the current standard of treatment (4, 5) . In recent years, great advancement has been made in the management of NSCLC. However, the prognosis of NSCLC remains unfavorable, with a 5-year overall survival rate of ~16% (6, 7) . Therefore, fully understanding of the molecular mechanisms underlying NSCLC carcinogenesis and progression is necessary for improving the diagnosis, prevention and treatment of patients with NSCLC.
MicroRNAs (miRNAs) are a large family of small, non-protein-coding and single-stranded RNA molecules that range from 19 to 25 nucleotides in length (8) . miRNAs have important roles in gene expression through interacting with complementary nucleotide sequences in the 3' untranslated regions (3'UTRs) of target mRNAs, leading to degradation or translational suppression of their target mRNAs (9) . A single miRNA can regulate the expression of a wide variety of target genes, which contain target binding sites that interact with miRNAs. Additionally, a single mRNA can be regulated by a number of different miRNAs (10) . More than 60% of human genes have been predicted to be regulated by miRNAs, and therefore miRNAs are involved in various biological processes, including development, cell proliferation, cell cycle, apoptosis, differentiation, metastasis and resistance to chemotherapeutics (11) (12) (13) ). An increasing number of studies reported that miRNAs are frequently dysregulated in a large number of types of human cancer and have important roles in the regulation of carcinogenesis and disease progression (9, 14) . Certain miRNA may act as an oncogene or a tumor suppressor gene, depending on the roles of their target genes (15) . Based on these findings, miRNAs may be investigated as a therapeutic targets in cancer diagnosis, prevention and therapy.
In the present study, the expression levels of miR-301a in NSCLC tissues and cell lines were investigated, and its roles on NSCLC cell proliferation, migration and invasion were evaluated. The results of the present study will provide further insights into the molecular mechanisms responsible for NSCLC Downregulation of microRNA-301a inhibited proliferation, migration and invasion of non-small cell lung cancer by directly targeting DLC1
carcinogenesis and progression, and identify miR-301a as a potential therapeutic target in NSCLC treatment. The miR-301a inhibitor, negative control (NC) inhibitor, DLC1 small-interfering RNA targeting DLC1 (DLC1 siRNA) and NC siRNA were purchased from Shanghai GenePharma Co., Ltd., (Shanghai, China). The DLC1 siRNA sequence was 5'-TAC GTC CAA GGT CGG GCA GGA AGA-3' and the NC siRNA sequence was 5'-UUC UCC GAA CGU GUC ACG UTT-3'. H1299 and A549 cells were seeded in six-well plates to 70% confluence and transfected with miRNA inhibitor (100 pmol) or siRNAs (100 pmol) using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's instructions. This assay did not use untransfected cells. After transfection 48 h, RT-qPCR was performed to detect miR-301a expression. CCK-8 and cell migration and invasion assays were carried out at 24 and 48 h following transfection. Western blotting analysis was carried out at 72 h following transfection.
Materials and methods

Clinical samples.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Total RNA from tissues and cells (H1299 and A549) was isolated using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocols. For miR-301a expression, RT-qPCR was performed using the SYBR ® Green PCR kit (Toyobo Life Science, Osaka, Japan) on an Applied Biosystems Realtime 7500 Sequence Detection system (Applied Biosystems; Thermo Fisher Scientific Inc.). The primer sequences for miR-301a and U6 were as follows: miR-301a forward, 5'-ACA CTC CAG CTG GGC AGT GCA ATA GTA TTG TC-3' and reverse, 5'-CTC AAC TGG TGT CGT GGA-3'; and U6 forward, 5'-GCT TCG GCA GCA CAT ATA CTA AAA T-3' and reverse, 5'-CGC TTC ACG AAT TTG CGT GTC AT-3'. For DLC1 mRNA detection, reverse transcription was performed using the PrimeScript RT reagent kit (Takara Biotechnology Co., Ltd., Dalian, China) followed by qPCR using SYBR Premix Ex Taq (Takara Biotechnology Co., Ltd.). The primer sequences were as follows: DLC1 forward 5'-CCG CCT GAG CAT CTA CGA-3' and reverse, 5'-TTC TCC GAC CAC TGA TTG ACT A-3'; β-actin forward, 5'-CCT GGC ACC CAG CAC AAT-3' and reverse, 5'-GCT GAT CCA CAT CTG CTG GAA-3'; miR-301a forward, 5'-ACA CTC CAG CTG GGC AGT GCA ATA GTA TTG TC-3' and reverse, 5'-CTC AAC TGG TGT CGT GGA-3'; and U6 forward, 5'-GCT TCG GCA GCA CAT ATA CTA AAA T-3' and reverse, 5'-CGC TTC ACG AAT TTG CGT GTC AT-3'. miR-301a expression was normalized to U6 expression, and β-actin was used as an internal control for DLC1 mRNA expression. The relative expression was analyzed with the 2 -∆∆Cq method (16) .
Cell counting Kit-8 (CCK-8) assay.
To evaluate the effects of miR-301a on the proliferation of NSCLC cells, the CCK8 kit (Dojindo Molecular Technologies, Inc., Kumamoto, Japan) was used. For this assay, transfected cells were collected and seeded into 96-well plates at an initial density of 3,000 cells/well. Cell proliferation was detected every 24 h until 96 h according to the manufacturer's protocol. At each time points, 10 µl CCK8 solution was added to each well and cultured for 2 h at 37˚C. Optical density (OD) was measured at a wavelength of 450 nm using a microplate reader. Each experiment was performed in three replicates and repeated three times.
Cell migration and invasion assay.
To assess the effects of miR-301a on migration and invasion of NSCLC cells, cell migration and invasion assays were performed using 24-well Transwell chambers (8 mm pore size; BD Biosciences, Franklin Lakes, NJ, USA). For cell migration assays, transfected cells were collected at 48 h post-transfection, suspended into FBS-free culture medium and seeded in the upper chambers at an initial density of 5x10 4 cells/well. The lower chambers were filled with 500 µl DMEM containing 20% FBS as a chemoattractant. Following incubation at 37˚C for 48 h, the non-migrated cells were carefully removed with a cotton swab. The migrated cells were fixed with 95% methanol at room temperature for 15 min, stained with 0.1% crystal violet at room temperature for 15 min, and captured with the IX71 inverted microscope (Olympus Corporation, Tokyo, Japan). Cell invasion assays were similar to the cell migration assays, except that the Transwell chambers were coated with Matrigel (BD Biosciences). Cell numbers were calculated in five random fields for each Transwell chamber.
Western blot assay. Total proteins were isolated from transfected cells using RIPA buffer containing a protease inhibitor cocktail (Roche, Mannheim, Germany). Concentration of total proteins was quantified with BCA Protein assay (Pierce; Thermo Fisher Scientific). Equal amounts of protein were separated on a 10% SDS-PAGE and then transferred to polyvinylidene fluoride membranes (PVDF; Bio-Rad Laboratories, Inc., Hercules, CA, USA). Non-specific binding sites of PVDF membranes were saturated with 5% skimmed milk in TBS solution containing 0.1% Tween 20 (TBST). Subsequently, the membranes were probed with primary antibodies, mouse anti-human monoclonal DLC1 antibody (1:1,000; catalog no. sc-271915; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and mouse anti-human monoclonal GADPH antibody (1:1,000; catalog no. sc-166574; Santa Cruz Biotechnology), at 4˚C overnight. After three washes with TBST, the membranes were incubated with corresponding horseradish peroxidase (HRP)-conjugated secondary antibody (1:10,000; Santa Cruz Biotechnology, Inc.) for 2 h at room temperature, washed with TBST for three times and detected using an enhanced chemiluminescence detection system (ECL; GE Healthcare, Chicago, IL, USA). Relative protein levels of DLC1 were normalized to GAPDH.
Bioinformatic analysis. To predict the potential targets of miR-301a, bioinformatic analysis was performed using TargetScan version 6.2 http://www.targetscan.org/vert_71/).
Dual-luciferase reporter assays. The predicted and mutated sequences targeting the 3'UTR of DLC1 were both amplified and cloned into pmirGLO. pmirGLO-DLC1-3'UTR Wt (wild-type) and pmirGLO-DLC1-3'UTR Mut (mutated) were synthesized by Shanghai GenePharma Co., Ltd. 293 cells were seeded in 24-well plates at a density of 1x10 5 cells per well, and co-transfected with miR-301a inhibitor (20 pmol) or NC inhibitor (20 pmol) and pmirGLO-DLC1-3'UTR Wt (0.2 µg) or pmirGLO-DLC1-3'UTR Mut (0.2 µg) by using Lipofectamine 2000. The transfected cells were harvested, and the relative luciferase activities were determined using Dual-Luciferase Reporter Assay system (Promega Corporation, Madison, WI, USA) 48 h post-transfection. All experiments were performed in triplicate and repeated three times. Renilla luciferase activity was normalized to firefly luciferase activity.
Statistical analysis.
Results were presented as the mean ± standard deviation. SPSS (version 13.0; SPSS Inc., Chicago, IL, USA) was used for statistical analysis with Student's t-tests or one-way analysis of variance (ANOVA) for comparisons of multiple groups. SNK test was used as a post hoc test following ANOVA. P<0.05 was considered statistically significant.
Results
miR-301a was upregulated in NSCLC tissues and cell lines.
In order to investigate whether miR-301a was differentially expressed in NSCLC, RT-qPCR was performed to analyze miR-301a expression levels in NSCLC tissues and adjacent non-tumor lung tissues. The results indicated that miR-301a was significantly upregulated in NSCLC tissues compared with adjacent non-tumor lung tissues (P<0.05; Fig. 1A) .
miR-301a expression in NSCLC cell lines (NCI-H1975, H1299, SPC-A-1, H520 and A549) and a normal human bronchial epithelial cell line (16HBE) was also evaluated. Compared with 16HBE, all five NSCLC cell lines expressed higher levels of miR-301a (P<0.05; Fig. 1B) , which was in accordance with the data from tissue samples (P<0.05; Fig. 1A) . The high expression levels of miR-301a in NSCLC tissues and cell lines indicated that miR-301a may act as an oncogene in NSCLC.
Downregulation of miR-301a inhibited proliferation, migration and invasion of NSCLC cells.
To investigate the effects of miR-301a on NSCLC progression, H1299 and A549 cells were transfected with miR-301a inhibitor or NC inhibitor. The decrease in the expression of miR-301a in H1299 and A549 cells following transfection with miR-301a inhibitor was confirmed by RT-qPCR (P<0.05; Fig. 2A ).
Following transfection with miR-301a inhibitor or NC inhibitor, a series of biological experiments were performed in vitro, including the CCK-8 assay, cell migration and invasion assays. CCK-8 assay results suggested that miR-301a downregulation significantly inhibited proliferation of H1299 and A549 cells compared with cells transfected with the NC inhibitor (P<0.05; Fig. 2B,) . In addition, the cell migration assays showed that transfection of the miR-301a inhibitor markedly decreased migratory ability of H1299 and A549 cells (P<0.05; Fig. 2C ). Furthermore, cell invasion assays revealed that the invasive capacity of H1299 and A549 cells transfected with the miR-301a inhibitor was significantly lower compared with the NC inhibitor groups (P<0.05; Fig. 2D,) . These data demonstrated that downregulation of miR-301a significantly inhibited the proliferation, migration and invasion of NSCLC cells.
DLC1 is a target gene of miR-301a in NSCLC.
To investigate the molecular mechanisms by which miR-301a downregulation inhibited proliferation, migration and invasion of NSCLC cells, bioinformatic analysis was performed to search for potential target genes of miR-301a using TargetScan 6.2. TargetScan 6.2 analysis indicated that DLC1 is a major target of miR-301a (Fig. 3A) . DLC1 was chosen for further confirmation because that DLC1 is aberrantly lowly expressed in NSCLC and contributes to NSCLC formation and progression (17) (18) (19) .
To identify whether DLC1 was a target of miR-301a, dua l-luciferase repor ter assays were per for med. pmirGLO-DLC1-3'UTR Wt or pmirGLO-DLC1-3'UTR Mut, and miR-301a inhibitor or NC inhibitor were co-transfected into 293T cells. As indicated in Fig. 3B , the knockdown of miR-301a increased the luciferase activity compared with cells co-transfected with pmirGLO-DLC1-3'UTR Wt and NC inhibitor. In the cells transfected with pmirGLO-DLC1-3'UTR Mut, there was no significance difference in luciferase activity between cells transfected with NC inhibitor and miR-301a inhibitor (P>0.05).
Subsequently, RT-qPCR and western blotting was performed to investigate the ability of miR-301a to regulate the expression of DLC1 at mRNA and protein levels, respectively. The results indicated that miR-301a downregulation markedly increased DLC1 expression in H1299 and A549 cells at mRNA (P<0.05; Fig. 3C ) and protein (P<0.05; Fig. 3D ) levels. Collectively, the findings indicated that DLC1 is a direct target gene of miR-301a in NSCLC.
Knockdown of DLC1 partly reverses the effects of miR-301a downregulation on NSCLC cells.
To confirm the roles of DLC1 in NSCLC, H1299 and A549 cells were transfected with DLC1 siRNA or NC siRNA. The downregulation of DLC1 in H1299 and A549 cells was determined by western blotting (P<0.05; Fig. 4A ).
Next, it was examined whether DLC1 knockdown was able to rescue the carcinogenic effects of miR-301a in NSCLC. The results indicated that downregulation of DLC1 was able to rescue cell proliferation (P<0.05; Fig. 4B ), migratory (P<0.05; Fig. 4C ) and invasive (P<0.05; Fig. 4D ) abilities of H1299 and A549 cells, which were previously inhibited by miR-301a inhibitor. These findings further verified that DLC1 is a direct target gene of miR-301a and that transfection with miR-301a inhibitor inhibited proliferation, migration and invasion of NSCLC cells, at least in part by inducing expression of DLC1.
Discussion
NSCLC is one of the most common malignant diseases with a high mortality rate (20) . NSCLC carcinogenesis is a multi-stage process, which involves a broad spectrum of changes in gene expression and physiological structure (21) . The abnormal expression of genes mainly includes activation of oncogenes and inactivation of tumor suppressor genes (22) . Accumulated evidence have suggested that miRNA is involved in carcinogenesis as either oncogene or tumor suppressor and the functions of many cancer-associated miRNAs have been identified (23, 24) . Moreover, dysregulation of miRNAs expression has been indicated to be potential sensitive and accurate biomarkers for cancer diagnosis and prognosis of human cancer (25, 26) . Therefore, understanding the roles of miRNAs in NSCLC might provide valuable information for therapeutic strategies in the therapy for patients with NSCLC. The present study focused on the roles of miR-301a in NSCLC. The present study investigated the expression and biological functions of miR-301a in NSCLC as well as the potential mechanism by which miR-301a acts as an oncogene in NSCLC initiation and progression. The findings indicated that: i) miR-301a was significantly upregulated in NSCLC tissues and cell lines compared with adjacent non-tumor lung tissues and normal human bronchial epithelial cell line, respectively; ii) miR-301a downregulation inhibited the proliferation, migration and invasion of NSCLC cells; iii) bioinformatic analysis showed that DLC1 is a putative target of miR-301a; iv) miR-301a downregulation increased the expression levels of DLC1 by directly targeting its 3'UTR; v) DLC1 knockdown partially reverses the inhibition of proliferation, migration and invasion induced by downregulation of miR-301a in NSCLC cells.
Previous studies have shown that miR-301a was closely associated with multiple malignant phenotypes of human cancer. miR-301a was reported to be upregulated in numerous types of human cancer, including Ewing's sarcoma (27) , laryngeal squamous cell carcinoma (28) , pancreatic cancer (29) , colorectal cancer (30) , gastric cancer (31) and hepatocellular carcinoma (32) . Furthermore, the levels of miR-301a expression were demonstrated to be correlated with clinicopathological features in cancer patients. Xu et al (31) reported that in gastric cancer, miR-301a was associated with tumor size, invasion depth, lymph node metastasis and tumor-node-metastasis (TNM) stage. Yu et al (33) reported that the expression level of miR-301a in triple-negative breast cancer was positively correlated with tumor size, depth of invasion, TNM stage and lymph node metastasis. In addition, multivariate analysis suggested that miR-301a expression was an independent prognostic factor for the survival of patients with triple-negative breast cancer (33) . Xia and colleagues (29) showed that higher expression of miR-301a was observed in pancreatic cancer patients with lymph node metastasis and advanced pathological stages. miR-301a was also identified as an independent prognostic factor for worse survival (29) . These findings suggested that miR-301a was upregulated in various types of cancer and may act as diagnostic and prognostic biomarkers.
Furthermore, studies have also revealed that miR-301a is able to act as an oncogene in carcinogenesis and progression of human cancer. For example, in Ewing's sarcoma, knockdown of miR-301a suppressed proliferation and cell cycle progression (27) . Furthermore, downregulation of miR-301a in Ewing's sarcoma cells significantly suppressed tumor growth in vivo (27) . Xia et al indicated that upregulation of miR-301a promoted pancreatic cancer cell colony formation, invasive and migratory abilities in vitro as well as tumorigenicity in vivo (29) . Fang et al found that miR-301a acts as an oncogene in colorectal cancer by increasing proliferation, migration and invasion as well as tumor growth (30) . In breast cancer, exogenous expression of miR-301a expression increased cell migration, invasion and metastasis both in vitro and in vivo (34) . Zhou et al (32) showed that miR-301a increased proliferation, migration and invasion of hepatocellular carcinoma cells and inhibited apoptosis. In accordance with these results, the findings of the present study indicated that inhibition of miR-301a expression decreased proliferation, migration and invasion of NSCLC cells. These findings suggested that miR-301a may be a therapeutic target in NSCLC.
Previously, a number of predicted targets of miR-301a have been reported in various types of cancer, including GAX in hepatocellular carcinoma (32) , BIM (35) and SMAD family member 4 (29) in pancreatic cancer, phosphatase and tensin homolog (34) and runt related transcription factor 3 (36) in gastric cancer, TGFBR2 (37) and suppressor of cytokine signaling 6 (30) in colorectal cancer and AMPKα1 in osteosarcoma (38) .
To investigate the molecular mechanism by which miR-301a contributes to proliferation, migration and invasion of NSCLC, the potential target genes of miR-301a were investigated. In the present study, DLC1 was identified as a novel target of miR-301a. Initially, bioinformatic analysis indicated that DLC1 was a putative target of miR-301a. Next, dual-luciferase reporter assays showed that miR-301a directly targeted the 3'UTR of DLC1. Downregulation of miR-301a increased DLC1 expression at mRNA and protein levels. DLC1 knockdown also partially reversed the inhibition of proliferation, migration and invasion induced by miR-301a knockdown in NSCLC cells. All these results indicated that DLC1 is a direct target gene of miR-301a in NSCLC. Identification of target genes of miR-301a is important for elucidating the functions of miR-301a in carcinogenesis and progression of NSCLC, which may provide promising therapeutic targets for NSCLC.
In conclusion, the present study demonstrated that miR-301a was upregulated in NSCLC tissues and cell lines compared with normal adjacent tissues and a normal human bronchial epithelial cell line. Functional analyses indicated that miR-301a may promote proliferation, migration and invasion of NSCLC cells by directly targeting DLC1. Therefore, miR-301a may contribute to the initiation and progression of NSCLC. These findings may help to further elucidate the molecular mechanisms underlying the carcinogenesis and progression of NSCLC, and provide evidence for the miR-301a/DLC1 pathway as a potential therapeutic target for patients with NSCLC.
